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SUMMARY

An investigation was conducted to determine the effect of carbon

content and type of carbide formation and distribution on the stress-

rupture properties and on the forgeability of an S-816 powder-metallurgy

alloy. Liquid-state-sintering techniques were used as well as heat

treatments and mechanical working in order to control the carbide forma-

tions and distributions.

The majority of specimens produced had lives longer than that of

standard wrought S-816 tested under the same conditions (2SjO00 psi at

1500 ° F). This was true for specimens with higher and lower carbon con-

tents than 0.% percent, the normal percent utilized in the wrought pro-

duct. Highly forgeable structures were produced; even specimens contain-

ing as much as i percent carbon were successfully hot-swaged to 50 per-

cent reduction in area. Stress-rupture properties generally increased

with carbon content, but simultaneously were influenced by conditions of

work and heat treatment. The microstructures for best stress-rupture

strength depended on the range of carbon content.

IA condensed version of this report, entitled "Effects of Variations

in Carbon Content, Heat Treatment, and Mechanical Working on Stress-

Rupture Properties of a Liquid-Phase-Sintered, High-Temperature Alloy,"

was presented at the Fall Meeting of the Metallurgical Society of the

American Institute of Mining_ Metallurgical, and Petroleum Engineers,

Inc., Philadelphia, Oct. 17-20, 1960, and was published in the Febru-

ary_ 1962, issue of the Transactions of the Society, vol. 224, pp. 116-

120.



INTRODUCTION

Most of the commercial advantages and disadvantages of powder metal-
lurgy have been discussed many times by others. However_from a research
standpoint, powder-metallurgy methods maybe considered a meansof ob-
taining structures that are not obtainable using normal ingot and mechan-
ical working. Structures normal in cast alloys may sometimesbe avoided
when the alloys are madefrom powder. For example_ it has been shown
(ref. i) that massive grain boundary carbide networks, commonto cast
X-40, maybe avoided by making the alloy from preal!oyed powders. Such
carbide networks in cast structures tend to makethe alloy brittle and
in manycases definitely prevent the alloy from being forged. Thus, al-
loys that cannot readily be forged whenproduced by conventional practice
may possibly be forged whenthe alloys are madeby powder-metallurgy
techniques.

Another problem that is quite similar to the "brittle" network prob-
lem is that cast materials, particularly ingots, are subject to segrega-
tion of both brittle componentsand alloying elements in dendritic inter-
stices; such segregations can be especially troublesome and harmful dur-
ing heat treatment. For example, it has been shownthat, because of dif-
ferences in segregation, the response to heat treatment of an alloy cast-
lug of one size and shape maybe completely different from the response
of the samealloy cast in a different size or shape. An instance of this
occurred with cast HS-21 alloy (refs. 2 and 3). It was found that a heat
treatment that improved the life of small cast HS-21 alloy turbosuper-
charger buckets seriously damagedlarger turbojet buckets of the sameal-
loy. The temperature of the heat treatment vas high enough to cause

grain boundary melting in the large buckets but did not have this effect

on the smaller buckets.

These differences in response to the same thermal treatment were

attributed to differences in carbide segregations between the small and

large castings. Again, by utilizing powder-metallurgy techniques, it may

be possible to avoid such differences in segregations by artificially

dispersing the carbide-forming constituents unifol_mly throughout the mi-
crostructure of the material.

Segregation also results in the tying up of valuable alloying ele-

ments. For example_ in some alloys massive carbides that form during

ingot practice may never be fully put into solution, andj therefore,

their alloying elements are not available for age hardening of the alloys

(ref. 4). A typical alloy where several percentages of alloying elements

may be tied up by carbide segregations that occurred in the ingot proc-

essing is the wrought alloy S-816. Approximately half the strengthening

elements niobium and tantalum, as well as some chromium, molybdenum, and

tungsten are tied up in inert form throughout the entire thermal history

of the alloy (ref. 5). Alloy S-816 has been used for many years as a

turbojet bucket alloy. It has a high degree of versatility, in that it

responds well to solution-strengthening, hot- or cold-working, and

precipitation-strengthening. In preliminary experiments, an alloy with

a composition identical to that of S-816 except that it had no carbon



was cold-worked and tested at 1500° F (unpublished NASAdata). It showed
considerable strength relative to conventionally produced S-816 (nomi-
nally 0.4 percent carbon).

Because of the potential benefits that might be derived by use of
powder-metallurgy methods, it was decided to combineprealloyed powder of
a high-temperature alloy with varying quantities of powdered carbon. An
alloy powderwas selected that had the composition of wrought S-816 minus
carbon. Varying quantities of powdered carbon were admixed, and the re-
sulting mlcrostructures were studied in relation to their stress-rupture
properties.

Specifically, the objectives of this investigation have been to de-
termine:

(i) The effect of varying carbon content on the stress-rupture life
and ductility of S-816 type alloys madefrom powders

(g) The effect of different carbide formations, resulting from vari-
ations of carbon content, heat treatments_ and mechanical work-

ing treatments, on the stress-rupture and ductility of a series

of S-816 type alloys made by powder-metallurgy methods

(3) The effect of varying carbon content on the workability of the

S-816 type alloy produced by powder-metallurgy methods

(¢) Any improvement in properties that could be obtained by disper-

sing alloying elements and precipitates by powder-metallurgy

methods rather than by conventional fabrication methods

For the present investigation, nearly carbon free S-816 alloy was

cast and subsequently remelted and powdered. The compositions of powder-

metallurgy compacts were varied by adding graphite to the basic material

in different percentages. Carbon content was varied from 0. i to 1.0 per-

cent. In order to produce carbide formations and dispersions different

from those produced by sintering alone, specimens were heat-treated, hot-

swaged, or hot-swaged and heat-treated. Data were obtained on the

stress-rupture lives and ductilities of these specimens, and metallo-

graphic studies of their microstructure were made.

MA_RIALS, APPARATUS_ AND PROCEDURE

Raw Materials

The master alloy powder was made from elements cast into low-carbon

S-S16-type-alloy ingots, which were remelted and powdered by a commercial



concern. (A small residual carbon content _as left in the structure be-
cause the cobalt initially contained somecarbon. )

About 60 pounds of alloy in the form of ingots ! by i by 5 inches
were powdered. The powdering process consisted of melting the ingots un-
der argon in a zircon c_ucib!e, tapping the bottom to produce a thin
stream of molten al!oy_ and atomizing the stream by meansof a high-
pressure water spray. The powder was passed through a collecting, dewa-
tering_ and sieving system to yield particles of I00 meshor finer. From
the 60 pounds of alloy melted, about !5 pounds of less-than-100-mesh pre-
alloyed powderwere obtained. The chemical analysis of the powder is
listed in the following table in percentages along with the nominal com-
position of standard S-816:

Cr

Alloy powder
used in this in-

vestigation 18.88

Standard S-816 g0. O

Ni Cb Mo W Fe Co C

< 0.01

0.4

19,56 4.55 4.24 g. 90 g. 64 45,59

20,0 4.0 4.0 4,0 3.0 45,0

High-purity graphite was mixed with the alloy powder to obtain specimens
with various carbon contents.

Cleaning of Powders

A sample of the as-received powder was compacted_ sintered, and ex-

amined metallographically for oxide content. Although the surfaces of

the as-received powders had a silvery appearance; the sintered specimens

showed that a fair amount of oxide remained on the surfaces. Since this

type of oxide film could be damaging to the ultimate properties of the

material, it was removed by reduction with hydrogen (-!00 ° F dew point).

The apparatus used for the reduction process was the rotating tube fur-

nace described in reference 6. in this apparatus the reduction took

about 8 hours per pound at g!00 ° F. For the present investigation, about

I0 pounds of powder were cleaned by this method.

Fabrication of Specimens

To make a single specimen_ i00 grams of powder were mixed with

0.5 gram of paraffin binder dissolved in benzene; to this a predetermined

amount of graphite was added. The slurry was then heated and stirred in

a casserole until the benzene was completely evaporated. This method of



mixing graphite and alloy powdersproduced more homogeneousmixtures than
dry-mixing and ball-milling methods. By adding various quantities of
graphite, specimens containing nominally 0. i, 0.2, O.3, 0.4, 0.5, O.75,
and 1.0 weight percent carbon were made. After the powder-graphite mix-
ture was completely dry, it was sealed in rubber tubing and hydrostati-
cally pressed at 25 tons per square inch. The pressed compact that re-
sulted was about 3 inches long and 5/16 inch in diameter. For sintering,
the pressed compactwas placed in an alumina sleeve that was in turn in-
serted vertically into a graphite block. The entire assembly was then
heated by induction in a vacuumof about i0 to 20 microns of mercury. The
temperature of the specimenwas slowly raised while the specimenwas
viewed through an observation port in the top of the furnace. Close ob-
servations were madeto determine the point at which the compactwould
just begin to melt; this point could be detected by noting a change in the
reflections of the top surfaces of the specimens. After incipient melting
was first observed, the temperature w_s held constant for approximately
5 seconds and then lowered. By sintering in this manner, melting occurred
only at the surfaces of the individual particles in the compact. The in-
teriors of the particles remained solid during the entire sintering proc-
ess. This quasi-liquid-phase sintering generally resulted in dense spec-
imens that retained their initial pressed shape. In someinstances, how-
ever, metal or paraffin vapors fogged the observation port, and the melt-
ing point could not be clearly determined. Whenthis happened, incipient
melting could not be readily detected, and the specimenseither were not
densified sufficiently or melted completely.

Stress-Rupture Tests

Test specimenswere machined from the alloys to the dimensions shown
in figure 1 and then checked for surface defects by zyglo techniques. All
specimenswere tested in stress-rupture at 1500° F at a stress of 25,000
pounds per square inch.

Specimendensity was determined before stress-rupture testing, and
the microstructure of the specimenswas examinedbefore and after test-
ing. After the stress-rupture tests_ part of each broken specimenwas
cleaned of surface oxide and chipped for carbon analysis.

Fabrication Treatments Given Specimens

The specimens were tested in the following conditions:

(i) As-sintered

(2) Heat-treated (solution-treated 24 hr at 2150 ° F, water-quenched;

aged 16 hr at 1400 o F, air-cooled)



(4) Hot-swaged from 2i50° F (reduction in area of about 50 percent)
and heat-treated (solution-treated 24 hr at 2150° F, water-
quenched; aged 16 hr at 1400o F; air-cooled)

Actually, the hot-swaging consisted of heating the specimens at 2150o F
and placing them in the swaging machine. After one or two blows, the
temperature of the specimenhad dropped considerably, and at this point
the specimenwas reheated. Therefore, although attempts were madeto
keep the temperature of the specimen as close as possible to 2150° F,
someswaging was done at a temperature lower than 2!50° F. Several re-
heatings were necessary to swagethe specimens completely.

RESULTS

Stress-Rupture Life as Function of Carbon Content

The stress-rupture properties of all specimensare listed in table I.
The stress-rupture lives and ductilities of specimens are plotted as a
function of carbon content in figures 2 to 5; data concerning somespeci-
mens that broke on loading are not included in these figures. As a point
of reference, the average stress-rupture life of wrought S-816 (given
treatments of AMS5765A) is indicated in each figure. The average value,
about 70 hours under the test conditions used in this investigation, is
representative of numeroustests reported in the literature. It is known
that S-816 bar stock and forged products madefrom S-816 are sensitive to
both thermal and mechanical variables sometimesintroduced during commer-
cial fabrication practices and that scatter in stress-rupture life values
for the alloy mayon occasion be large. It is thus as difficult to de-
termine a representative scatter band for the lives of the wrought prod-
uct as it is to determine an exact average for the alloy. Since the
average life of the _rought S-816 for the test conditions of this inves-
tigation (25_000 psi at 1500° F) is to be used as a basis for comparison
throughout the report, reference 7 was selected from available literature
to represent the properties of the wrought product. Comparisons of lives
of powder-metallurgy specimenswith the "standard" are madeonly to indi-
cate the adequacy or superiority of the powder products (where they
exist) to the selected "average standard" value. In the figures repre-
senting stress-rupture lives_ arrows are drawn from the point represent-
ing the standard value to further indicate the uncertainty of the value.

As-sintered specimens. - Figure 2 shows stress-rupture properties of

as-sintered specimens as a function of carbon content. The large amount

of scatter in stress-rupture life can be attributed to several factors.

First_ scatter in properties is inherent in the stress-rupture test it-

self. Second, the fabrication methods used to make these specimens often

led to microstructural differences in specimens that were intended to be

identical. Third, density variations undoubtedly contributed to scatter;
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however, data obtained in this investigation dld not allow an unequivocal
correlation between differences in stress-rupture properties and differ-
ences in densities.

Becauseof the amount of scatter, stress-rupture curves are drawn
through both upper and lower data points and a scatter band of life val-
ues is presented. The life values at the lower edge of the band are
quite good with respect to the average life of wrought S-816, indicated
by the solid pointj values at the upper edge of the band indicate the
high potential of the powder-metallurgy process. The stress-rupture life
tends to increase with increasing carbon content, the very low carbon
specimenshaving lives roughly equivalent to the average life of the

wrought alloy under these test conditions.

Heat-treated specimens. - Figure 3 shows the stress-rupture lives of

specimens that had been heat-treated after sintering. For the specimens

with lower carbon content 3 the scatter in properties was much less than

that for specimens with higher carbon content. Almost all specimens with

carbon contents greater than 0.4 percent had stress-rupture lives above

that of wrought S-816. The curve shows a general upward trend of strength

with increasing carbon content. For specimens containing approximately

0.56 percent carbon_ there was a wide range of stress-rupture life that

extended from approximately 50 to about 210 hours. At carbon contents of

approximately 0.80 to about 0.84, the scatter range extended from i00 to

652 hours. The specimen that ran for 652 hours was the best tested in

this investigation.

Hot-swaged specimens. - Figure 4 shows the results of stress-rupture

tests of specimens that were hot-sw_ged after sinterlng. _qe scatter in

properties of these specimens is less than the scatter for the as-sintered

or heat-treated groups. _qis is not surprising since one would expect

swaging to reduce the porosity that is present after the sintering proc-

ess. There is again an increase in stress-rupture life as the carbon

content of the material is increased. In this group of specimens, only

those with carbon contents of more than 0.4 percent had stress-rupture

lives significantly longer than that of the wrought product.

Hot-swaged and heat-treated specimens. - Figure 5 shows the results

of stress-rupture testing of specimens that were hot-swaged and heat-

treated after being sintered. Stress-rupture life again increases with

increasing carbon content, and_ as in the case of the material that had

been heat-treated only, there is wide scatter in the data for certain

carbon percentages. One specimen had an unusually long life (145 hr) for

its carbon content of 0.08 percent. Another extremely strong specimen_

with a carbon content of 0.65 percent_ had a life of approximately

625 hours. At this same carbon content another specimen had a life of

only 540 hours. Later in this report reasons are given that may account

for the differences in properties between these high- and low-strength



specimens at given carbon contents. In this group of hot-swaged and heat-
treated specimens there were two out of eight with carbon contents less
than 0.¢ percent that had stress-rupture lives equal to or better than
that of the wrought product. All the specimens with carbon contents above
0.4 percent had better lives than the wrought specimen.

Ductility of Stress-Rupture Specimens

Curves showing ductility (reduction in area) as a function of carbon
content for each group of stress-rupture specimens have been plotted in
the samefigures as the respective life curves (figs. 2 to 5), and duc-
tility of each specimen is also shownin table I. An accurate comparison
of these ductility values with that for the wrought alloy under the same
test conditions is difficult because of the large amount of scatter in
reported ductility and the lack of a well established scatter band. A
rough comparison maybe based on a ductility value for the wrought alloy
of about i0 percent reduction in area.

As-sintered specimens. - In general, as shown in figure 2, as the

carbon content increases, stress-rupture life of the as-sintered speci-

mens increases, and the ductility (percent reduction in area) decreases.

It is interesting that, for the higher carbon content specimens_ for which

stress-rupture lives are very widely scattered, the ductility values are

very similar; that is, two specimens having the same carbon content may

have widely differing lives yet the same ductility values.

Heat-treated specimens. - The ductility curve for heat-treated spec-

imens shows a maximum at 0.2 percent carbon. For carbon contents above

0.2 percent, there is a decrease in ductility with an increase in both

carbon content and stress-rupture life. Note again that at higher carbon

contents, where there are widely divergent stress-rupture lives, the duc-

tility curve shows no differences relating to the rupture lives.

Hot-swaged specimens. - The ductility of swaged specimens as a func-

tion of carbon content is shown in figure 4. As in the cases of the as-

sintered and heat-treated groups of specimens_ the swaged group exhibits

a peak in its ductility curve. This peak occurs at about 0.3 percent

carbon. As can be seen in figure 4, the swaged specimens had a large

amount of scatter in ductility values.

Hot-swaged and heat-treated specimens. - Since there was little scat-

ter in stress-rupture lives of hot-swaged and heat-treated specimens at a

given carbon content (fig. S), it is not too surprising that the ductility

values also fall rather closely about a single curve. One specimen having

a very low carbon content; less than O. 1 percent, had a very long stress-

rupture life and low ductility. In specimens having a high carbon content,

approximately 0.65 percent carbon, three specimens exhibited rupture lives



ranging from approximately Z30 to 6B0hours. Amongthese specimens,
those that had short stress-rupture lives had high ductilities_ and the
specimen that had a very long rupture life of 6Z0 hours had the lowest

ductility.

Density of Specimens

The densities of specimens are listed in table I. For comparative

purposes, the density of each specimen is given as a percentage of the

wrought-alloy density (8.59 g/cm2). Fifty-four of the specimens had den-

sities greater than 90 percent of the wrought-alloy density, and most of

these had almost the same density as that of the wrought alloy. Six

specimens had densities between 80 and 90 percent of the wrought-alloy

density, and two had densities below 80 percent. One of the latter spec-

imens was in the as-sintered group, while the other was in the heat-

treated group. No specimens that were worked by swaging had densities

below 80 percent of the wrought-alloy density.

The average density of the specimens in each group (percent of

wrought-alloy density) was as follows: as-sintered, 94.4 percent; heat-

treated, 96.6 percent; hot-swaged, 97.9 percent; hot-swaged and heat-

treated, 98.8 percent.

Workability of Powder-Metallurgy Specimens

The workability of powder-metallurgy specimens produced in this in-

vestigation was very good. While no systematic studies of workability

were made, it was found that a 50-percent reduction in area by hot-swaging

was easily accomplished. Even specimens containing as much as 1.0 percent

carbon were successfully hot-swaged.

Studies of Microstructures

Studies were made of the microstructures of all specimens in the un-

tested or as-fabricated conditions and of the structures of the test spec-

imens after the tests had been run. Photomicrographs of almost every

specimen for _ich data are plotted in figures 2 to 5 are shown in fig-

ures 6 to 9.

The photomicrographs of figures 6 to 9 were made at the relatively

low magnification of B50. At this magnification it was possible to see

overall carbide structures_ voids, fracture edges in the test specimens,

and even some precipitation in the matrix of the grains. In addition to

the low-magnification photomicrographs, others (figs. i0 to 13) were made
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at a magnification of 750 to showdetails of the structures of somese-
lected specimens. Most of the latter photomicrographs were of specimens
that had significant differences in physical properties that appeared to
correlate, to somedegree, with microstructures.

It should be pointed out that during the initial slntering treatment
a temperature gradient along the specimenwas unavoidable; hence, some
parts of the specimenundoubtedly experienced greater liquation than oth-
ers. Therefore, it is not surprising that microstructural differences
maybe apparent between someof the photomicrographs of as-sintered spec-
imens_ which were taken at sections cut from tops of specimens, and the
photomicrographs of test specimens, which were taken at sections cut from
the centers of specimens. On a gross scale, such differences did not
affect conclusions drawn from studies of the microstructures.

As-sintered specimens. - The mlcrostructures of as-sintered speci-

mens are shown in figure 6. Photomicrographs show that much of the car-

bon in each specimen is in grain boundaries in the form of spherical car-

bides, massive carbides_ Chinese script, or eutectic areas. Massive for-

mations of carbides are evident in grain boundaries of the higher carbon

specimens, such as specimens 15 to 17 (figs. 6(k) to (o)). Also, high-

carbon specimens contained more spheroidized carbides within the grains

than did lower carbon specimens (specimens i to 4).

It may also be noted that there is considerable microporosity in

some of the as-sintered specimens. Some specimens, such as specimens ii,

13, and 14, exhibit porosity in photomicrographs of both the as-sintered

and the tested structures. In other specimens, such as specimens 15 and

16, porosity is evident only in the photomicrographs taken of the speci-

mens after testing. In specimen 17 it is interesting that the porosity

near the failed section of the test specimen was considerable, whereas

there were few holes.in the portion of the specimen that had not been

tested. As is discussed later, the porosity of the area under stress is

obviously more important than the porosity in a section that is not

stressed. The porosity of the test section_ of course, could not be de-

termined from meta!lographic examination of specimens before testing.

Some of the specimens were inadequately sintered. For example,

specimens 5 to 7 fell into this category and had unusually large voids.

0nly specimen 5 is shown, since the others are almost identical. It is

mentioned earlier that tests were run on all these specimens and that the

data are listed in table !. Where porosity was very great, as in speci-

mens 5 to 7, the specimens broke on loading) these results were not en-

tered in plots of stress-rupture life against carbon content.

There was definite evidence of eutectic formations in boundaries of

some specimens. That is, eutectic structures were formed that contained

fine lamellae (see specimens ii and 16). Such formations usually respond
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to high-temperature heat treatments more readily than do the more solid
or massive carbides.

Heat-treated specimens. - Figure 7 shows the microstructures of

specimens in the heat-treated condition before and after testing. The

solution treatment given the specimens (24 hr at 21S0 ° F) partially dis-

solved some of the massive carbide formations. In particular, it com-

pletely eliminated all finely laminated structures, partly dissolved mas-

sive carbide formations in boundaries, and produced spheroidized carbides

in grain boundaries and within grains. It was surprising that some

Chinese script formations were not eliminated (see specimen 20, fig. 7(b))

because other studies (ref. 4) showed that they were rather easily dis-

solved. In low-carbon specimens almost all carbides were distributed in

the grain boundaries rather than within the grains_ whereas in higher

carbon specimens residual carbides often existed in the interiors of the

grains as well as in the grain boundaries. (Residual carbides refer to

those present in the structure before stress-rupture testing and not car-

bides that are present as a result of precipitation during the stress-

rupture test.) In general, the as-sintered microstructures of high-

carbon specimens were changed more drastically by the heat treatment than

were the as-sinteredmicrostructures of low-carbon specimens. This can

be seen by comparing the microstructures of high- and low-carbon speci-

mens of the heat-treated group of figure 7 and the as-sintered specimens

of figure 6.

Hot-swaged specimens. - Figure 8 shows the microstructures of hot-

swaged specimens. For the most part, hot-swaging has broken up massive
formations of carbides or the eutectic area that was present in the as-

sintered condition. The hot-swaging also refined the grain size. By

virtue of the fact that the larger carbide formations were broken up, the

hot-swaging also improved the gross uniformity of the carbide distribu-

tion throughout the structure. The type of carbide being referred to

here is for the most part a residual carbide rather than a carbide that

precipitated upon aging. Perhaps the most significant contribution of

the swaging operation was that it eliminated a good percentage of the

microporosity. Some of the specimens; such as specimens 37 and 43 in

figures 8(d) and (j), appeared to be fairly well solution-treated in the

as-swaged condition. This is not too surprising, since the swaging oper-

ation was carried out at a temperature of 2150 ° _ and since the swaging

necessitated multiple reheatings of the specimens into the solution-

treating temperature range. Again, Chinese script structures were evident

in low-carbon specimens (specimens 35, 36, 28, and 29).

Hot-swaged and heat-treated specimens. - The microstructures of spec-

imens that were hot-swaged and heat-treated are shown in figure 9. The

combination of the two types of treatments_ in most cases, almost com-

pletely eliminated large carbide and eutectic areas in the tested areas

of specimens. A few areas where the carbides are segregated in grain
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boundaries are, however, evident in specimensbefore the tests, in gen-
eralj the residual carbides in the specimensare small, and in the lower
carbon specimens are located at the grain boundaries. In high-carbon
specimemscarbides are present within the grains as well as at the grain
boundaries. There is a negligible amount of microporosity in all speci-
mensin the heat-treated and hot-swaged group. Manyof the specimens in
this group have microstructures that closely resemble that of standard
wrought S-8!6. The microstructure of specimen57 particularly resembles
that of wrought S-816.

DISCUSSION

Significance of Stress-Rupture Properties

It is evident from the stress-rupture test results that the powder-

metallurgy processes used in this investigation produced many specimens

with significantly greater stress-rupture lives than the average stress-

rupture life of wrought S-816. A value of 70 hours was felt to represent

the life of standard S-816, given the fabrication and heat treatment of

AMB 5765A, although it is recognized that the wrought commercially made

S-816 may exhibit a large amount of scatter of stress-rupture lives and

that the upper values for such materials could well be above the average

indicated here. It should also be pointed out that the stress-rupture

life of wrought S-816 may be significantly improved by heat treatments.

For example, some early work done on the effects of different solution

treatments upon the stress-rupture properties of S-816 (ref. 8) showed

that, under test conditions comparable to those used in the present study,

lives ranged from approximately !00 to ZOO hours in specimens solution-

treated at temperatures of 2300 ° and 2350 ° F. This early work also con-

tains some properties of cast S-8169 v_lues of stress-rupture life were

widely scattered, ranging from approximately 200 to over 1500 hours.

Stress-rupture lives of wrought, wrought and heat-treated, and cast

alloy specimens may thus be greater than the "standard" value used as a

basis for comparison. It is believed that the lives of powder-metallurgy

specimens are for the most part very good, particularly since the speci-

mens were made by a laboratory practice and since it was not within the

scope of this paper to optimize properties by varying sintering tempera-

tures or conditions, heat treatments_ or forging practices.

Using the carbon content of standard wrought S-816 (0.4 percent by
weight) as a point of reference, it is interesting to note that most

specimens that had carbon content equal to or greater than 0._ percent

had superior properties to those of the wrought material. It is also in-

teresting to note that several of the specimens that had lower carbon

contents than that of the wrought product had properties better than those

of the standard product. These facts illustrate one of the potentials of
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the powder-metallurgy process in that they show that an efficient use of
the alloying elements in a given material maybe madeby meansof powder
metallurgy.

Forgeability of Powder-Metallurgy Specimens

It is well knownthat it is very frequently difficult to forge high-
temperature alloys containing large quantities of carbon in combination
with strong carbide forming elements. Usually castings or ingots made
from such material form an embrittling network that prevents subsequent
forging. It is of interest that materials containing large percentages
of carbon_ as muchas i percent in somecases_ madeby the powder-
metallurgy methods of this investigation could be hot-swaged. Since
swaging practices may chill the materialbeing swagedto a very low tem-
perature rather quickly, it might be expected that other forging prac-
tices used with powder-metallurgy products might be even more easily
accomplished, in any case, a valuable use of the powder-metallurgy proc-
ess is that it is possible to avoid normal casting of ingots and concom-
itant macro or micro segregations that sometimesprevent forging.

Correlation of stress-rupture life with microstructure and degree of

porosity. - It would be highly desirable to be able to predict the

strength of alloys possessing a given mlcrostructure. Correlations of

microstructure with properties are_ at best_ difficult even when cast or

wrought products are considered. One of the difficulties encountered in

attempting to correlate microstructures of powder-metallurgy products

with properties is that resulting frcm inherent porosity incurred during

sintering.

Porosity in powder-metallurgy products presents a problem somewhat

analagous to that of microporosity in cast alloys. In both cases gross

density measurements are not always indicative of the strength or weak-

ness of the material being tested. It is thus possible to have a test

specimen having little overall porosity_ but with concentrated porosity

in the area of the specimen where it could be most harmful. Another fac-

tor associated wlth the correlations to be presented is liquation in the

powders during sintering. This 3 of course, could produce anything from

very subtle to gross differences in mlcrostructure and thus affect prop-

erties. The melting point (liquatlon between particles) was detected by

noting a change in color or luster of the surface of the powder product

during sintering. Thermocouples on the specimens would not be expected

to detect incipient melting in a powder product such as that studied. In

fact_ since clean powders were made with difficulty in small quantities,

and_ since specimens varied greatly in their carbon contents and result-

ant melting points_ it was not felt that elaborate attempts to detect
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melting points accurately were warranted. It might be argued that the
visual method used was an efficient way to detect incipient melting in
relatively few specimens.

It should be realized also that not only would sintered specimensbe
affected by differences incurred as a result of variations of melting-
point detection, but any powderedalloy of a given composition would be
expected to respond somewhatdifferently to either heat treatments or
forging (or both) if "as-sintered" conditions were different.

As the subsequent discussion unfo!ds_ it is shownthat certain con-
sistent relations between microstructure and stress-rupture life exist,
that porosity effects noted do not affect overall conclusions, and that
different microstructural configurations evidently relating to stress-
rupture results are probably largely initiated during the sintering
process.

It was felt that someinteresting observations could be madeby com-
paring the microstructures of groups of as-sintered specimens of a given
carbon content in which somespecimens in the group had very low proper-
ties while the others had very high properties. The first comparison _ras
madeon three low-carbon specimens. Specimen2 (containing O.1 percent
carbon) and a stress-rupture life of 89 hours_ _nereas specimens1 and 3
had somewhatshorter stress-rupture lives of 43 and 51 hours_ respec-
tively. In this comparison, the differences in these stress-rupture llve_
are not too great and maywell be within the normal scatter expected in
the stress-rupture test. It was not too surprising_ then, that a compar-
ison of the microstructures of the specimens (fig. i0) revealed nothing
to account for differences in stress-rupture lives. Also, there was no
difference in density values that could account for the differences in
lives. In fact, the best specimenhad the lowest measureddensity.

Another pair of specimens that might be comparedcontained a higher
carbon content. For example_the microstructure of a specimen containing
0.775 percent carbon (specimen 16, fig_ 10(e)), which had a very high
stress-rupture life of 485 hours, maybe comparedwith the microstructure
of a specimenwith 0. 80 percent carbon (specimen 13, fig. 10(d)), which
had a relatively low stress-rupture life of 182 hours. Examination re-
vealed that the longer lived specimen16 had more massive grain boundary
carbide formations than did specimen13. After testing, the weaker spec-
imen showedmore aging and precipitation than did the stronger of the
two specimens.

As-sintered specimens, - Prior to discussing the correlations of the

as-sinteredmicrostructures and properties of successfully tested speci-

mensj it might be of interest to note that in those as-sintered specimens

that broke upon loading (specimens 5j 6_ and 7) the photomicrographs re-

vealed that the powders were almost in an unsintered state, as shown in



15

figure 6(e) (specimen 5). It is important to notice how someof the car-
bon or carbides tend to segregate in areas where three grain boundaries
meet. It is also interesting to note that manyof the grain boundary
areas contain only a fine interface of carbide or precipitates between
two grains. The fact that manycarbides are visible within the powder
particles indicates that a very rapid diffusion of carbon into the alloy
powder particles had taken place and that a degree of homogenization had
probably taken place before the powders were welded or fused together.
The densification of the powder product that occurs upon fusion, of
course, is most desirable. However_if all the carbides were to form a
continuous network surrounding the powder particles one would have diffi-
culty in eliminating them by heat treatment. Furthermore, specimenswith
such a network would be difficult if not impossible to forge. It is evi-
dent throughout the discussion of the microstructures that no continuous
networks of massive carbides were observed in the specimens regardless of
their carbon contents. Densities of the different specimensdid not vary
significantly.

Heat-treated specimens. - Low-carbon and medium-carbon heat-treated

specimens had rupture lives that were low relative to as-sintered speci-

mens of comparable carbon contents. Visual examination of low-carbon

specimens at a high magnification (750) reveals that many of the massive

carbides that initially were present in the as-sintered state have been

broken up, and many of them have been dissolved by the heat treatment.

For example, structures of heat-treated specimens (specimens 18, 20_ 21,

and 23, figs. ll(a) to (d)) have fewer massive carbides in the boundaries

than do as-sintered specimens (fig. i0). Also, the Chinese script struc-

tures have broken up to some degree.

Another interesting observation is that the low-carbon heat-treated

specimens after tests show much more precipitation than do the low-carbon

as-sintered specimens. Since the properties of the lower carbon heat-

treated specimens are lower than those in the as-sintered specimens, it

may be concluded that the grain boundary formations in the as-sintered

specimens strengthen the alloy more than does solutioning and aging of

these low-carbon specimens.

Any strengthening of the as-sintered specimens (during the stress-

rupture test) by precipitation would be expected to be of a lesser magni-

tude than the strengthening due to precipitation within the heat-treated

specimens during stress-rupture testing. This is understandable since

the heat treatment alone should dissolvesome of the grain boundary car-

bides_ and subsequently, during testing_ these could be expected to pre-

cipitate out. However, as was noted, the strengthening resulting from

precipitation was undoubtedly not as great as the strengthening due to

the inhibition of slip by the formations of carbides in the boundaries 3

which in the siutered specimens were more continuous than in the heat-

treated specimens.
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The high-carbon specimens that were examinedbefore testing had rel-
atively minor quantities of carbides in the boundaries, and they were
more or less spheroidized. After testing, photomicrographs taken from
areas close to the fractured edges showedthe carbides within the grains
were also spheroidized. Also, in the latter specimens (32 and 33) there
were fairly good sized formations of carbides in the boundaries, as shown
in figures ll(e) and (f). Specimen33 had the best stress-rupture life
obtained in this investigation. As such, it warrants study in comparison
with others. Specimen32 had very poor properties, but the samecarbon
content.

There is a difference between the microstructure of the best speci-
men (specimen 33) after testing and the poorer specimen (specimen 32)
that possibly could account for differences in stress-rupture life. The
best specimen, although it had fairly large carbides in the grain bound-
aries and also a fairly good numberof residual carbides in the matrix
of the grain, had fewer massive carbides in the boundaries than did the
poorer of the two specimens_namely, specimen 32. _his type of difference
is believed to be significant and has consistency with observations made
on other pairs of specimens in other groups, as will be shownsubse-
quently. However, in this case the poorer of the two specimens, speci-
men32, also had a very low density, less than 95 percent, whereas the
better specimenhad a density of over I00 percent. Density considera-
tions, then, could account for the differences in the rupture lives of
these two specimens_but the microstructura! differences must be kept in
mind.

A comparison of microstructures of good and poor specimensmay be
madefor the lower carbon specimens represented in figure 7. Specimens
28 and 29, which contained about 0.56 percent carbon, are presented in
figures 7(h) and (i). The poorer of the two, specimen 28, had more mas-
sive carbides in the grain boundaries of the portion of the specimen that
had been stress-rupture tested, whereas the better of the two, speci-
men29, which had approximately three times the life of specimen 28, had
fewer massive carbides in the grain boundaries. Although the poorer
specimenhad a slightly lower density than the better one (97 compared
with I00 percent), the mAcrostructure in this case is believed to be the
more significant factor in explaining the differences in the properties
of the two specimens.

Hot-swaged specimens. - The rupture lives of several swaged specimens

were superior to those of the heat-treated specimens in the low-carbon

and intermediate-carbon ranges. The microstructures of some of the lower

carbon swaged specimens (before tests) shown in the high-magnification

photomicrographs of figures 12(a) to (d) _pecimens 34, 35, 38, and 39)

were similar to the microstructures of the as-sintered specimens; that

is, there were Chinese script structures and massive carbide formations.

This similarity w_s somewhat surprising, since one would expect these
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formations to be broken up by the swaging. Observations of specimens
after testing showedthat there was a considerable breaking up of carbides
and a banding of the structures. Even though the swaging was conducted
at a solution-treating temperature of 21S0° F, the alloy did not age dur-
ing the test as the heat-treated specimensdid. For example, compare
specimens3_, $S, 38, and 39 (figs. 12(a) to (d)) with specimens18, 20,
and21(figs.n(a)to(c)).

The fact that the swaging operations, which were conducted at a tem-

perature of 2150 ° F, did not eliminate the as-siutered structure com-

pletely indicates that the total solution time at 21S0 ° F during the mul-

tiple heating and swaging treatments was not very great. As will be shown

later, none of the as-sintered structures remained in low-carbon specimens

that were heat-treated at 5150 ° F for 2A hours after swaging. Thus, the

heat treatments incidental to swaging, at least for the low-carbon spec-

imens, did not in themselves significantly alter the mlcrostructures. In

the case of the higher carbon specimens, which were swaged in the s_me

manner as low-carbon specimens, the heat treatments involved in the swag-

ing operation seemed to have a much greater effect on the structure; no

longer did as-sintered formations prevail as they did in low-carbon swaged

specimens. In view of the fact that the hot-swaging temperature was

closer to the melting points of the high-carbon specimens than to those

of the low-carbon specimens, these observations can be rationalized.

Two swaged specimens that might be compared are those containing 0.18

and 0.185 percent carbon, specimens 58 and 39, respectively. The photo-

micrographs of these specimens taken before testing are quite similar

(figs. iS(c) and (d))_ and any differences in properties could not be

attributed to microstructural differences seen in these photomicrographs.

The photomicrographs of the fractured specimens show, however, that the

better specimen, the one that failed in 60.7 hours, had relatively few

carbides distributed either in the grain boundaries or within the grains.

The poorer of the two, which failed in 38.8 hours, had more massive car-

bides in the grain boundaries and a few more carbides in other areas of

the test section. Although the differences were not gross, again there

is a consistent pattern between these specimens and others previously

described; that is, the weaker of the two specimens had larger carbide

particles. It should be noted, also_ that the densities of the two spec-

imens being compared were almost identical.

A more interesting comparison may be made for specimens containing

approximately 0.73 percent carbon. Referring to figure 8(k), with rela-

tively low magnification photomicrographs, it may be seen that specimen

AA, which fractured in ZO8. Z hours, had fewer grain boundary carbides both

before and after the test than did specimen AS, which had a poorer life

of !Z6 hours. Again_ the picture is consistent with what has been ob-

served in heat-treated or swaged groups previously; that is_ of a pair

of specimens that have differences in rupture life, the better specimen
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has fewer massive carbide formations than does the poorer. The overall
density measurementsagain show an anomaly. The poorer of the two speci-
mens has a high density of 103 percent, and the better of the two a very

low density of 92 percent. A difference in density does not show up in

the photomicrographs of test sections of the specimens_ and thus, the

microstructure must be considered as possibly more significant than the

density values in this case.

Hot-s%raged and heat-treated specimens. - _qe curve of stress-rupture

life as a function of carbon content rises more rapidly for the hot-swaged

and heat-treated specimens than for either the swaged or heat-treated

groups of specimens.

The most significant observation about the microstructures of almost

all of the specimens in this group is that most of the structures formed

during the sinteriug process have been broken up or changed considerably

by the combination of hot-swaging and heat treatment. The remaining car-

bides present in the swaged and heat-treated specimens are, generally,

residual ones that exist at grain boundaries and_ in some cases, within

grains. Most of the carbides are spheroidized or partially spheroidized,

and no vestiges of massive or partial network structures remain. Since

the specimens of this group, particularly the high-carbon ones, have

rather long rupture lives_ it may be concluded that this alloy base com-

position can obtain considerable strength from something other than mas-

sive formations of carbides in boundaries.

A low-carbon specimen with 0.08 percent carbon had a very long life
1

of 143_hours. A few residual carbides were present in the specimen

before the test in the boundaries in relatively random spots. During the

test, carbides precipitated throughout the grains_ on slip planes, and at

grain boundaries. These structures are shown in figure 13(b) (speci-

men 49). Another very long lived low-carbon specimen (0.1 percent) is

shown in figure 13(c) (specimen 50). The photomicrograph of the tested

specimen shows some precipitation inside the grains and at grain bound-

aries. Shorter rupture lives were obtained in several of the slightly

higher carbon specimens; for example_ figures i3(a)_ (d), and (e) (spec-

imens 48, 52, and 53) show the structures of such specimens. The only

structural differences that were seen which could explain property differ-

ences between the good specimens (49 and 50) and the poor ones (52 and 53)

were the rather extensive grain boundary precipitates evident in speci-

mens i9 and 50 _nich were absent in specimens 52 and 53.

The very low life of specimen 48, which contained only 0.015 percent

carbon, may possibly be attributed to its low density of 95 percent rather

than to its microstructure. The densities of the two best specimens were

I00 percent, and the density of the two poorer specimens were 89 and i01

percent. These densities may have some effect on the low life of the
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specimens, although there is no consistent correlation of rupture life
with density in this group.

As the carbon contents of this series of specimens are increased,
more and more residual carbides are apparent at high magnifications (×750,
fig. 13). Somematrix precipitation, although it is very faint, is evi-
dent in test sections of specimenshaving carbon contents greater than
0.6 percent. Again, in the specimenswith a nominal carbon content of
0.6 percent, there is a wide diversity of stress-rupture life. One spec-
imen failed in g_6.2 hours (specimen 60) and the other in 6g0.4 hours

(specimen 61). In the photomicrographs of the fractured specimens there

is no evidence to explain the superior behavior of one specimen relative

to the other. However, the photomicrographs before the test, show that

the better specimen Ispecimen 61) had fewer and smaller residual carbides
than the poorer one _specimen 60). Densities of the two specimens were

similar and could not explain property differences.

Generalized Comments on Relations of

Microstructures to Properties

Sue methods of fabricating specimens used in this investigation re-

sulted in variations in microstructures. Depending on slight, unavoida-

ble variations in sintering time_ incipient melting, specimen size, and

degree of initial blending of alloy powder and carbon, two specimens of

a given carbon content can exhibit different microstructures. At times,

a specimen of a particular carbon content had a microstructure containing

large grain-boundary carbides with little, if any, precipitation within

the grains. At other times, a specimen having the identical carbon con-

tent had a microstructure containingsmall grain-boundary carbides and

carbide precipitation within the grains. Microstructural variations such

as these result not only in differences in strength properties in the
as-sintered condition but also in differences in response to subsequent

thermal and mechanical treatment. As a result, it is reasonable to expect

that any scatter found in strength properties of as-sintered specimens of

equivalent carbon content will also be seen even after these specimens

receive working or heat treatments_ unless these treatments are drastic

enough to eliminate any initial microstructural differences that existed.

The present work supports this statement. If photomicrographs of speci-

mens of a given carbon content and history are compared, it can be seen

that only those in the hot-swaged plus heat-treated group possess essen-

tially identical microstructures. This fact is, in turn, reflected in

the rupture lives of this group, _ich exhibit little scatter in compari-

son to those of the other groups teste_

Perhaps a more interesting result of microstructural variations is

the fact that they permit evaluation of two types of strengthening,
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strengthening due to grain-boundary carbides and that due to a more or
less uniform dispersion of carbide precipitate within the grains, in
examinations of manypairs of specimens that had equivalent heat treat-
ments or fabrications, there seemedto be an almost perfectly consistent
indication that the stronger of the two specimenshad fewer massive or
residual carbides in the grain boundaries than the weaker of the two. An
exception to this generalization occurred in the case of the low-carbon,
as-sintered specimens that not only had better stress-rupture lives when
grain-boundary carbides were present but also generally exhibited longer
lives than low-carbon specimensof other groups. This seemsto indicate
that a distribution of grain-boundary carbides is more effective in pro-
riding strengthening in low-carbon specimens than is precipitation uni°
formly distributed within grains. The effect is probably due to the pre-
vention of grain-boundary sliding by the distributed carbides. If im
these low-carbon specimens the grain-boundary carbides are removedor
partially dissolved (as is the case in low-carbon specimens of the swaged,
heat-treated, and swagedand heat-treated groups)] the strength is low-
ered. This can be explained on the basis that any solid-solution-
strengthening or precipitation-strengthening that occurs as a result of
the solution and elimination of large grain-boundary carbides is just not
great enough to counterbalance the strength loss caused by removal or
diminution of grain-boundary carbides. Even if all carbides were dis-
solved, the strengthening would probably be small simply because of the
lack of sufficient available carbon in low-carbon specimens to provide
efficient solution- or precipitation-strengthening. On the other hand_
in higher carbon specimens, where there is an abundanceof available car-
bon tied up as carbides, and the dissolution and subsequent dispersion
of these carbides can lead to an increase in strength by solution- and/or
dispersion-strengthening mechanismsthat is greater than the initial
strengthening afforded by grain-boundary carbides. Thus, in higher car-
bon specimensj the greater the degree of carbide dispersion or solution
within grain (which is equivalent to a decrease in number and size of
grain-boundary carbides), the stronger the specimen. Therefore, these
results tend to showthat, when it is not possible to achieve adequate
precipitati0n, or Solid-solution-strengthening, grain-boundary carbides
or carbide networks may serve as effective alloy strengtheners.

Correlations of Ductility with Stress-Rupture

Life and Microstructume

Ductility plots made in figures 2 to S show peaks in ductility curves

ranging from approximately 0.2 to O.S percent carbon. The position of

the peak varies with the condition of the specimens. The curve for the

as-sintered specimens peaks or has a maximum ductility value at less than

O. iS percent carbon; the ductility curve of the heat-treated specimens

peaks at approximately 0.2 percent carbon; the ductility curve of the
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swagedspecimens peaks at approximately 0.5 percent carbon; and for the
swagedand heat-treated specimens there is no sharp peak, but there is a
plateau ranging from 0._ to 0.6 percent carbon. In each case the ductil-
ity drops sharply with increasing carbon content after the maxim_nduc-
tility has been obtained. This type of behavior is often observed in
alloys.

The dropoffs in ductility to the left of the peaks or with decreas-
ing carbon content below that of the peak are difficult to rationalize.
The best evidence to indicate such a true dropoff is shownin figure 5,
which represents the swagedand heat-treated specimens. A very signifi-
cant dropoff in ductility, as represented by reduction in area, maybe
observed. The ductility drops from 30 percent to about 7 percent. Al-
though the left portions of these ductility curves were not established
by large numbersof specimens in these regions, the fact that the dropoffs

were observed to some degree in all curves indicates that such a dropoff

is probably a true effect and not simply a coincidence. Studies of the

microstructures of the low-carbon specimens relative to the others have

not revealed a completely concrete reason for such a dropoff. In the

as-sintered specimens, for ex_mplej none of the specimens with carbon

contents less than 0.5 percent had ductility values below 19 percent.

All the low-carbon specimens contained either some Chinese script or dis-

continuous or partial network structures, with the bulk of the grain-

boundary areas being free of continuous or thick structures. Typical

photomicrographs of such specimens are shown in figure i0. Even in the

tested conditions, most of the grain boundaries in the as-sintered spec-

imens do not reveal any large amount of precipitation after testing. As

the carbon contents are raised in these specimens, more general precipi-

tation and residual carbides as well as more grain-boundary precipitation

occurs, and all of these factors may contribute to the low ductility of

the high-carbon specimens.

In general, no consistent pattern of microstructural differences was

found to explain differing ductilities of specimens. There were indica-

tions that the low-carbon specimens that contained fairly extensive grain-

boundary precipitations were relatively brittle, whereas low-carbon or

even intermediate-carbon specimens that contained partially spheroidized

or overaged carbides in the boundaries after testing exhibited higher

ductilities. Where specimens remained in a solution condition throughout

most of the test there appeared to be high ductilities. Where large num-

bers of carbides appeared, whether residual, or aged out during the test,

specimens had relatively low ductilities. Generally speaking, another

observation that might be made is that the lower carbon specimens had

larger grain sizes than did the higher carbon specimens. _he large grain

size of the lower carbon specimens could be attributed to the sintering

temperature necessary to cause incipient fusion of these specimens, which

was higher than those needed for higher carbon specimens. Also, the
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presence of more carbides would tend to inhibit grain growth in the higher
carbon specimens.

Almost all the fracture edges showedintergranu!ar fractures as well
as intergranu!ar stress-rupture cracks. In low-carbon specimens there
was someevidence that the grains were distorted during the testing. Such
distortions were evidenced by elongations of someof the grains and by
slip-line precipitation in someof the grains. Upon examination, the
fracture edges did not reveal any consistent explanation for the low duc-
tility of either the low-carbon or the high-carbon specimens. It might
be mentioned that someof the high-carbon specimens showedconsiderable
ductility of the grains themselves.

One additional point that might be madeis that, in all groups of
specimens with the exception of the swagedgroup, measuredductility
values of specimensof a given carbon content and treatment had reason-
ably equivalent ductilities whether or not the specimens had high or low
stress-rupture values, in the case of the swagedspecimens, however, as
represented by figure 4, those specimens with high stress-rupture lives
had low ductilities and those specimenswith low rupture life had signif-
icantly high ductilities. No explanation is offered for this behavior.

Potential of Powder-Metallurgical Process

In order to keep the numberof specimens to a reasonable number, only
one swaging process and one heat-treatlng process were used_ These were
chosen to simulate commercial treatments used on S-816. A question arises,
then, as to whether _he properties of the alloy madeby powder-metallurgy
methods would be improved if different swaging and/or heat treatments had
been used. This question, of course, cannot be answered without further
experimentation. However, it is difficult to believe that the swaging
treatment and heat treatment used in this investigation were optimums for
every specimen, especially since the specimensvaried in carbon content.
For example, at 2150° F the plasticity of an alloy of one composition
might be different from that of alloys of another composition. Thus,
swaging at 2150o F might be more effective in closing pores of one spec-
imen than another. In the samemanner, the solution-treating temperature
of 2150o F might be more effective for high-carbon specimens, whosemelt-
ing points are closer to the solution temperature, than for low-carbon
specimens, whosemelting points are farther removedfrom the solution
temperature.

Therefore, while the upper edge of the scatter bands shownin plots
of stress-rupture life against carbon content indicates the potential of
the powder-metallurgy process and treatments used in this investigation,
it by no meanscan be considered an absolute limit.



23

CONCLUSIONS

This investigation was intended to determine the effect of carbon
content and the effect of type of carbide formation and distribution on
the stress-rupture properties and forgeability of S-816 type alloys.
Specimenswere prepared by powder-metallurgy methods and variations in
carbide formations and distribution were effected by mechanical working,
heat treatment, or combinations of both. The following conclusions were
drawn:

1. The powder-metallurgy processes used in this investigation pro-
duced manyspecimenswith good stress-rupture lives. The majority of
specimenshad lives longer than that of standard wrought S-816 tested
under the sameconditions (25,000 psi at 1500° F). For the most part,
these specimenshad higher carbon contents than the nominal 0.4 percent
carbon found in standard wrought material, but several specimens of higher
strength had carbon contents considerably lower than 0.4 percent.

2. Powder-metallurgy techniques resulted in highly workable struc-
tures. Even specimens containing as muchas 1.0 percent carbon were suc-
cessfully hot-swaged with a reduction in area of 50 percent.

3. Increasing the carbon content of specimens resulted in an increase
in stress-rupture life regardless of the _orking or heat treatment given
the specimens.

4. In the low-carbon-concentration range, as-sintered specimenshad
stress-rupture lives that were superior to those of specimensgiven addi-
tional working and/or heat treatment. At higher carbon contents a good
comparison is more difficult because of the increasing spread of the
scatter bands as the carbon content increases. However, as the carbon
content increased, the curve of stress-rupture life against carbon content
for the hot-swaged and heat-treated group rose more steeply than the same
curve for other groups.

5. Correlation of microstructures with stress-rupture lives indicated
that, when carbon contents were very low, a structure containing grain-
boundary carbides wasmore effective in strengthening specimens than other
types of structures. This result was probably due to the lack of avail-
able carbon in this range for effective solid-solution- or precipitation-
strengthening. At higher carbon concentrations, solutloning of grain-
boundary carbides with subsequent precipitation within the grains gave a
stronger structure,

6. Appreciable scatter in rupture lives generally occurred in the
as-sintered, heat-treated, or hot-swaged specimens. A combination treat-
ment of hot-swaging followed by heat treatment minimized scatter. This
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result can be attributed to a reduction in density variations from speci-
mento specimen as well as a homogenization of structure.

7. Ductility curves exhibited maximumvalues in the neighborhood of
0.2 to 0.5 percent carbon. Maxlmumvalues ranged from about 20 to 30
percent reduction in area. These values are high in comparison to those
exhibited by wrought specimens.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, April 12, !962
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Spec-

imen

-- 1

i

2
5
4

5

As-sintered

TABLE I. - STRESS-RUPTURE PROPERTIES

Treatment

6

7

8

9
I0

ii
12

15

14

15
16

17
___q

18

19

2O

21
22

25

24

25

26

27

28

29

50
51

32

55

54

55

56
57

58

39

4O

41

42
45

44
45

46

47

49

50

51

52

54
55

56

57

58

59

60

61

a8.59 g/cc,

bNominal value.

Heat-treated

Hot-swaged

Hot-swaged and heat-treated

3arbon, l" Stress-

oereen_ rupturelife,hr

0.015 I 42.8
.105 , 88.55

.I0 51.4

.195 55.6

.28 Broke on

loading

.57 Broke on

loading
.45 Broke on

loading
.38 155.5

.42 296.2

.58 551.0

.64 226.9

.74 185.9

.80 182.3

.76 272.0

.76 322.6
.775 485.0

,995 I 264.5

0.085 I 9.2
.06 Broke on

loading

22.6
5 50.7

.245 45.8

b.5 I Broke on
I loading

b.4 Broke on

I loading
.42 64.8
.I0 _ 6.9

.56 58.4

.565 210.45

.66 126.8

.625 115.6

.80 105.6

.835 I 657.0

0.02 29.5
.I0 I 59.2
.II 22.3

.17 46.6

.18 60.7

.185 58.8

.275 ] 40.2

.555 i 16.8

.41 ! 21.4

.61 i 176.9

.75 ! 208.2

.755 i 126.0

.91 ! 445.2

1.0 525.5

0.015 18.7
.08 143.5

.I0 101.4

.15 41.8

.17 49.4

.18 35.3

.24 43.9

.51 69.6

.47 114.2

.49 211.1

.55 252.8

.60 216.5

.64 256.2

.65 620.4

OF TEST SPECIMENS

Ductility, Density,

percent g/cc
reduction

in area

24.6

22.1

19.7
28.9

Broke on

loading

Broke on

loading
Broke on

loading
25.8

20.4

15,2

12.5

11.8
10.8

10.8

ll.1

7.43

__, ___

Broke on

loading
21.2

18.5

20.4
Broke on

loading

Broke on

loading
15.9

9.0

12.5
12.7

12.5
11.7
7.74

5.66

8.5
15.1
16.2
26.0

6.78

56.2
20.8
50.8

6.78
18.0

15.0
29.8

6.2
5.91

6.78

II. 7
15.5
29.6

28.5

30.5
27.1

29.4

28.2
35.9

29.4

27.2
50.5

15.9

8.76 I
8.45
8.60 I
8.59
7.24

6.45

7.16

7.95

7.68
7,96 I

8.21
8.54

8.71 I
8.41

8.59
8.39

8.44

8.90
6.99

8.95
8.84
8.56

8.71

6.74

7.39

8.48

8.75

8.57

8.65
8.61
8.19

8.15

8.72

8.46

8.60
7.78
8.35
8.33

8.51
8.21

8.67
8.50
8.40

7.93
8.89

8.68
8.57

8.19
8.61

8.59
8.55

8.68

8.25

8.48

8.27

8.56
8.57

8.61
8.71

8.46

L8.57

Percentage

of wrought

alloy
density a

102,0

98.4

lO0.1

i00.0
84.5

75.1

85.5

92.4
89.4

92.7

95.6
98.4

101.5
97.9
97.8

97.8

98.5

105.7

81.4

104.1
105.0

97.3

101.2
78.4

86.1

98.8

101.8

97.6

100.5
I00°I

95.4

94.7
101.5

98.5

I00.0
90.6

97.2

97.0

96.9

95.6

I01.0
98.9

97.9

92.4

105.4

I01.0

99.8

95.5

I00. I

I00.0

89.5
I01.1

95.8

98.7
96.2

99.6

97.5

100.1

101.2

98.5

99.8

25
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Blank iength_ 2"

"Diam.

5/16"

coarse

thread

a Rad.
4.00"

Diam. _ 0. 212"

F Center holes

permissible

Figure i. - Test specimen.
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Figure 2. - Influence of carbon content on rupture

life and ductility of powder-metallurgy S-816 in

as-sintered condition. Stress, 25,000 pounds

per square inch; temperature, 1500 ° F.
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Figure 3. - Influence of carbon content on

rupture life and ductility of powder-

metallurgy S-816 after heat treatment

(24 hr at 2150 ° F, water- quenched, aged

16 hr at 1400 ° F, air-cooled). Stress,

25,000 pounds per square inch} tempera-

ture, 1500 ° F.
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4O

-r4
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©
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6OO

5OO

4O0

300

2OO

i00

¢
35

.4 .6

Carbon, percent

Figure 4. - Influence of carbon content on

rupture life and ductility of powder-

metallurgy S-816 after hot-swaging (at

2150 ° F to 50 percent reduction in area).

Stress, 25,000 pounds per square inch;

temperature_ 1500 ° F.
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Figure 5. - Influence of carbon content on

rupture life and ductility of powder-

metallurgy S-$16 after hot-swaging and

heat-treatment. Stress_ 25,000 pounds

per square inch; temperature, 1500 ° F.
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C-59685

(b) Specimen El percent carbon, 0.I05; rupture life, 88.55 hours.

Figure 8. - Photomicrographs of as-sintered specimens before and after

stress-rupture test. X250.
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1

Before

/

_! f

<-

i _ < "-mJ_._

• 2-

,_-, iv

u

After

PHOTOMICROGRAPH

UNAVAILABLE

il
C -59684

(d) Specimen 4j percent carbon, 0.195j rupture life, 55.6 hours.

Figure 6. - Continued. Photomicrographs of as-sintered specimens

before and after stress-rupture test. X250,
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Before After

(e) Specimen 5j percent carbon, 0.26; rupture life, 0.

II

(f) Specimen 8j percent carbon, 0.36; rupture life, 153.5 hours.

Figure 6. - Continued. Photomicrographs of as-slntered specimens

before and after stress-rupture test. X250.



After

j| .

(g) Specimen 9j percent carbon_ 0.42j rupture life_ 296.2 hours.

"; '"'<" X2'-4"_'_ '_ a
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(h) Specimen lOj percent carbon, 0.58; rupture life, 551.0 hours.

Figure 6. - Continued. Photomicrographs of as-sintered specimens

before and after stress-rupture test. X250.
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Before After

(i) Specimen ii; percent carbon, 0.6&; rupture life, 226.9 hours.

C-59687

(j) Specimen 12; percent carbon, 0.7_; rupture life, 185.9 hours.

Figure 6. - Continued. Photomicrographs of as-sintered specimens

before and after stress-rupture test. X250.
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(k) Specimen 15; percent carbon# 0.80j rupture life, 18_.3 hours.

(_) Specimen 14; percent carbon_ 0.76; rupture life, Z72.0 hours.

Figure 6. - Continued. Photomicrographs of as-slntered specimens

before and after stress-rupture test. X_50.
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(n) Specimen 16; percent carbon_ 0.775; rupture life, 485.0 hours.

Figure 6. - Continued. Photomicrographs of as-sintered specimens
before and after stress-rupture test. X250.

0=59689
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(o) Specimen 17; percent carbon, 0.995; rupture life, 264.5 hours.

Figure 6. - Concluded. Photomicrographs of as-sintered specimens

before and after stress-rupture test. X250.
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Before

÷

After

(b) Specimen _0; percent carbon, 0.16; rupture life, 3A.6 hours.

C-59691

Figure 7. - Photomicrographs of heat=treated specimens before and

after stress-rupture test. X250.
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(d) Specimen 22; percent carbon_ 0.245; rupture life, 50.7 hours.

Figure 7.- Continued. Photomicrographs of heat-treated specimens

before and after stress-rupture test. X250.

C-59692



41

(e) Specimen 25; percent carbon_ 0.245j rupture life, 45.8 hours.
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(f) Specimen 26; percent carbon_ 0.42; rupture life_ 84.8 hours.

C-59693

Figure 7. - Continued. Photomicrographs of heat-treated specimens

before and after stress-rupture test. X250.



_2

Before

. \ \
/ "., 5

>,, t__;

\ i ," i
1

t

t- _<- ,

, f

After

\

(g) Specimen 27; percent carbon, 0.i0; rupture life, 6.9 hours.

0-5969A

(h) Specimen 28; percent carbon, 0.56; rupture life, 58.4 hours.

Figure 7. - Continued. Photomicrographs of heat-treated specimens

before and after stress-rupture test. X250.
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Figure 7. - Continued. Photomicrographs of heat-treated specimens

before and after stress-rupture test. X250.
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Figure 7. - Continued. Photomicrographs of heat-treated specimens
before and after stress-rupture test. X_50,
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(m) Specimen 53; percent carbon, 0.855; rupture life, 657.0 hours.

Figure 7. - Concluded. Photomicrographs of heat-treated specimens

before and after stress-rupture test. X250.
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(a) Specimen 54; percent carbon, 0.02; rupture life, 29.5 hours.

..... , " / )_"k

_i.- . _.--, ' ", ' "
r- "_ " ". I._ (;;

- -- ,. .)i
) ..At"_. - _

• " " 0-59698

(b) Specimen 55; percent carbon, 0.i0; rupture life_ 59.2 hours.

Figure 8. - Photomicrographs of hot-swaged specimens before and after

stress-rupture test. X250.
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(c) Specimen 36; percent carbon_ 0.11j rupture life_ 22.3 hours.

(d) Speclmen 37j percent carbon_ 0.17; rupture life, 46.6 hours.

Figure 8. - Continued. Photomicrographs of hot-swaged specimens

before and after stress-rupture test. X250.
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Figure 8. - Continued. Photomicrographs of hot-swaged specimens

before and after stress-rupture test. X250.
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(h) Specimen 41; percent carbon_ 0.555; rupture life, 16.8 hours.

C-5970t

Figure 8. - Continued. Photomierographs of hot-swaged specimens

before and after stress-rupture test. X250.
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Before

'- < ' i . , f ' :
<. %

(i) Specimen 42; percent carbon, 0.41; rupture life_ 21.4 hours.

(j) Specimen 45; percent carbon_ 0.61; rupture iife; 176.9 hours.

Figure 8. - Continued. Photomicrographs of hot-swaged specimens

before and after stress-rupture test. X250.

C-59702
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k

(k) Specimen 44:; percent carbon, 0.73; rupture life, 208.2 hours.

Figure 8. - Continued. Photomicrographs of hot-swaged specimens

before and after stress-rupture test. X250.
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C-59704

(n) Specimen 47; percent carbon_ 1.0; rupture life_ 525.3 hours.

Figure 8. - Concluded. Photomicrographs of hot-swaged specimens

before and after stress-rupture test. X250.
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Before After

r

'%,!

%

_r

,(C",), g

(b) Specimen 49; percent carbon_

\

Figure 9. - Photomicrographs of hot-swaged and heat-treated specimens

before and after stress-rupture test. X250.



54

r

Before
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After

(c) Specimen 50; percent carbon_ 0.I0; rupture iife_ 101.4 hours.

- j

",.'_,

(d) Specimen 51; percent carbon, O.iS; rupture life, 41.8 hours.

C-59706

Figure 9. - Continued. Photomicrographs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X250.
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(e) Specimen 52; percent carbon, 0.17; rupture life, _9.A hours.

C-,59707

(f) Specimen 55; percent carbon, 0.18; rupture life, 55.5 hours.

Figure 9. - Continued. Photomicrographs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X250.
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Before After

(g) Specimen 5_; percent carbon_ 0.24; rupture life, 45.9 hours.

C-597_

(h) Specimen 55; percent c_bon, 0.51_ rupture life, 69.6 hours.

Figure 9. - Continued. Photomicro_aphs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X_50.
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Figure 9. - Continued. Photomicrographs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X250.
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Figure 9. - Continued. Photomicrographs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X2SO.
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C-59712

(a) Specimen lj percent carbou_ O.OiSj stress-rupture life_

42.8 hours.

Figure i0. - Photomicrographs of as-sintered specimens before

and after stress-rupture test. XV50.
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C-59715

(b) Specimen 2; percent carbon_ 0.105; stress-rupture life_

88.55 hours.

Figure i0. - Continued. Photomicrographs of as-sintered

specimens before and after stress-rupture test. X750.
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C-59714

(c) Specimen 5; percent carbou_ 0,10; stress-rupture life_
51.A hours.

Figure i0. - Continued. Photomicrographs of as-sintered
specimens before and after stress-rupture test. X750.
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Figure i0. - Continued. Photomicrographs of as-sintered

specimens before and after stress-rupture test. X750.
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C-59716

(e) Specimen 16j percent ca.vbon_ 0.775j stress-rupture life_
485.0 hours.

Figure I0. - Continued. Photomicrographs of as-sintered

specimens before and after stress-rupture test. X750.
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C-59717

(f) Specimen 17; percent carbon; 0.995; stress-rupture life_

274.3 hours.

Figure i0. - Concluded. Photomicrographs of as-sintered

specimens before and af%er stress-rupture test. XV50.
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C-59718

(a) Specimen 18_ percent carbon, 0.085; stress-rupture life_

9.2 hours.

Figure Ii. - Photomicrographs of heat-treated specimens

before and after stress-rupture test. X750.
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C-59719

(b) Specimen 20_ percent carbon: 0.16; stress-rupture life_

5_.6 hours.

Figure ii. - Continued. Photomicrographs of heat-treated

specimens before and after stress-rupture test. X750.
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(c) Specimen ?_i; percent carbon_ 0.17; stress-rupture life_

18.5 hours.

Figure ii. - Continued. Photomicrographs of heat-treated

specimens before and after stress-rupture test. X750.
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C-59721

(d) Specimen 23j percent ca_bon_ 0.245j stress-rupture life_
_5.8 hours.

Figure ii. - Continued. Photomicrographs of heat-treated
Specimens before and after stress-rupture test, XV50.
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C-59722

(e) Specimen 52; percent carbon, 0.80; stress-rupture life,

I0_.6 hours.

Figure II. - Continued. Photomicrographs of heat-treated

specimens before and after stress-rupture test. XVSO.
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C-59725

(f) Specimen 55; percent carbon_ 0.835; stress-rupture life_

5.6B hours.

Figure Ii. - Coucluded. Photomicrographs of heat-treated

specimens before and after stress-rupture test. XV50.
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(a) Specimen 54; percent carbon, 0.02; stress-rupture life,

29.3 hours.

Figure 12. - Photomicrographs of hot-swaged specimens

before and after stress-rupture test. XVSO.
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(b) Specimen 55; percent carbon O.lOj stress-rupture lifes

5S.g hours.

Figure 12. - Comtinued Photomicrographs of hot-swaged

specimems before and a_ter stress-_uptu_e test. X750.
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C-59726

(e) Specimen 38; percent ca_bon_ O.Z8; stress-rupture life_
60.7 hours.

Figure 12. - Continued. Photomicrographs of hot-swaged

specimens before and after stress-rupture test. X750.
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C-59727

(d) Specimen 59; percent carbon_ 0.185; stress-rupture life_

58.8 hours.

Figure 12. - Continued. Photomicrographs of hot-swaged

specimens before and after stress-rupture test. X750.
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(e) Specimen 40; percent carbon_ 0.275; stress-rupture life_
40.2 hours.

Figure 12. - Continued. Photomicrographs of hot-swaged
specimens before and after stress-rupture test. X750.
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(f) Specimen 41; percent ¢arbon_ 0.5553 stress-rupture l_fe_

16.8 hours. -

Figure i2i Concluded. Photomicrographs of hot<swaged

specimens before and after stress-rupture test-: X750,
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(a) Specimen _8; percent carbon_ 0.015; stress-rupture !ife_

18.7 hours.

Figure 15. PhotomicrogTaphs of hot-swaged and heat-treated

specimens before and after stress-rupture test. X750.
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(b) Specimen Ag; percent carbon, O.OS; stress-rupture life_
!A_.5 hours.

Figure i_. - Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(c) Specimen 50; percent carbon_ 0.i0; stress-rupture life,
i01._ hours.

Figure 13. - Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(d) Specimen 52; percent carbon_ 0.17; stress-rupture life_

_9.4 hours.

Figure IZ. - Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(e) Specimen 55; percent carbon, 0.181 stress-rupture life,

35.3 hours.

Figure 13. - Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. )[750.
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(f) Specimen 54; percent carbon_ 0.24; stress-rupture iife_

43.9 hours.

Figure 15. Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(g) Specimen 55_ percent caz'bon_ O.SZ; stress-rupture Zife_

69.6 hours.

Figure 13. - Continued. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(h) Specimen 60; percent carbon, 0.6_; stress-rupture life ,

Z36.Z hours.

Figure 15. - Contlnue6. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture

test. X750.
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(i) Specimen 61; percent, earbon_ 0,65j stress-rupture life_
620.4 hours.

Figure !5. - Concluded. Photomicrographs of hot-swaged and

heat-treated specimens before and after stress-rupture
test. X750.
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